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Abstract: Nonlinear kinetic theory of cosmic ray (CR) acceleratiorsupernova remnants (SNRS) is
employed to calculate CR spectra. The magnetic field in SNRssumed to be significantly amplified
by the efficiently accelerating nuclear CR component. Ihisxn that the calculated CR spectra agree in
a satisfactory way with the existing measurements up tornkegy10'” eV and that this component plus
a suitably chosen extragalactic CR component can give astensdescription for the entire Galactic CR
spectrum.

Introduction tent with the existing measurements of GCR sp
tra up to an energy af0'” eV.

Supernovae (SN) have enough power to drive the
Galactic cosmic ray (GCR) acceleration. The only
theory of particle acceleration which at present is
sufficiently well developed and specific to allow . ] )
quantitative model calculations is diffusive accel- Our nonlinear model is based on a fully tim
eration applied to the strong outer shock associated9ependent solution of the CR transport equation
with SNRs. Considerable efforts have been made 96ther with the gas dynamic equations in spheri
during the last years to empirically confirm the the- Symmetry (e.g. [1]). SN explosion ejects an €
oretical expectation that the main part of GCRs in- Panding shell of matter into the surrounding ISI
deed originates in SNRs. Theoretically, progress Pu€ to the streaming instability CRs efficient
in the solution of this problem has been due to the €XCite large-amplitude magnetic fluctuations L
development of a kinetic nonlinear theory of diffu- Stréam of the SN shock. Since these fluctuatit
sive shock acceleration (e.g. [1, 2]). This theory Scatter CRs exiremely strongly, the CR diffusi
attempts to include all the most relevant physical COefficientis as small as the Bohm limit. The mo
factors, essential for the evolution and CR accel- €ling of magnetic field evolution [S, 6] conclude
eration in a SNR. The application of the theory that a co'nsiderable 'am_plification to what we ¢
to individual SNRs and their known synchrotron an effective magnetic field, > Brsa should
emission [3, 2, 4] has demonstrated its capability 0Ccur, whereBrsyy is the preexisting field in the
of explaining the observed SNR properties and in Surrounding ISM. The Bohm limit is then expects
calculating new effects like the extent of magnetic 10 refer to this amplified field.

field amplification. From an analysis of the synchrotron spectrum

Here we apply kinetic nonlinear theory assuming YOUNg SNRs [2] such a strong magnetic field a
a time-dependent amplified magnetic field, consis- Plification can only be produced as a nonlinear
tent with multi-wavelength evidence from individ-  fect by a very efficiently accelerated nuclear ¢
ual objects, in order to approximately calculate the component. In fact, for all the thoroughly stur
spectra of CRs produced in Galactic SNRs. It is 1€d young SNRs, the ratio of magnetic field ener
shown that these spectra are approximately consis-d€nsityB3 /8 in the upstream region of the shoc

M oddl

109



SPECTRUM OFCRS, PRODUCED INSNRS

precursor to the CR pressufe is about the same
[3]: B2/(87P.) ~ 5 x 1073,

The number of suprathermal protons injected into
the acceleration process is described by a dimen-

sionless injection parametexvhich is a fixed frac-
tion of the number of ISM patrticles entering the
shock front. We adopt here a valge~ 1074,

which is consistent with the theoretical expecta-
tion and which is close to the values determined

individually for young SNRs [2]. We use the in-

jection rate of ions heavier than protons which pro-
vide ion-to-proton ratios as observed in the GCRs

at an energy ofl TeV. The physical factors (ion in-

jection rate and acceleration efficiency) which de-

termine this ratio were discussed by [7].

The overall CR spectruniV (e, T'sn) is formed
during the active period of SNR evolution which
lasts up to the timd@sy when the SN shock be-

comes too weak to accelerate efficiently a new por-

tion of freshly injected particles. After their release

from the parent SNRs the accelerated CRs occupy
the confinement volume more or less uniformly

with an intensity J(e) o« 7es.(R)N(e) where
Tesc(R) is the mean residence timB, = pc/(Ze)
is rigidity, p is momentume = Amc? + ¢, andey,
are total and kinetic particle energy respectively.

Results and Discussion

We use the valueBsy = 10°' erg for the explo-
sion energy and/.; = 1.4M, for the ejecta mass
which are typical for SNe la in a uniform ISM. The

active phase of the average SNR as CR source wa

assumed to last until an age B ~ 10 yr.
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Figure 1: GCR intensities at the Solar system &
function of kinetic energy. Experimental data o
tained in the CAPRICE [8], ATIC-2 [9], JACEE
[10] and KASCADE [11] experiments are show
as well.

ably harder than the proton spectrum, in contr
to the theoretical expectation.

The second difficulty for the present theory a
the calculated very hamlverall CR source spectr:
which, say for protons, have the forid oc ¢, '

for e, < 10' eV. This spectrum is noticeabl
*harder than the source spectru¥h « ¢ 2, de-

duced in the framework of our preferred CR pro

In Fig.1 we present the calculated intensities agation model which includes a selfconsistent h

J(€) x €2 of protons (H), Helium, three groups of
heavier nuclei, and "All particles” as a function of
kinetic energy. Here we have used,. « R,

with © = 0.75. The results of the recent ex-
periments CAPRICE, ATIC-2 , JACEE and KAS-
CADE, which in our view are the most reliable,

within a Galactic wind [12]. However, it was al
gued [13] that already in the middle Sedov phz
nonlinear dissipation will increasingly reduce ti
field amplification and particle scattering below tl
Bohm limit. High-energy particles will then in
creasingly leave the SNR which can only contin

agree quite well with this theoretical calculation up {q gccelerate lower and lower energy particles. .

to the energy, ~ 10'7 eV. One can see that the

though there is a need for a more detailed anal

theory fits the existing data in a satisfactory way of this effect, it should lead to some softening

~

up to the energy; ~ 107 eV. The main excep-

~

the overall GCR spectrum as the result of escap

tion is the Helium spectrum as measured in the re- high and continued acceleration at lower enerc

cent ATIC-2 balloon experiment which is notice-
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According to Fig.1 the knee in the observed all-
particle GCR spectrum has to be attributed to the TATIC=2 ¢ JACEE +AGASA
maximum energy of protons, produced in SNRs. o °HiRes
The steepening of the all particle GCR spectrum
above the knee enerdyx 10'5 eV is a result of

the progressively decreasing contribution of light
CR nuclei with increasing energy. Such a sce-
nario is confirmed by the KASCADE experiment
which shows relatively sharp cutoffs of the spec-
tra of various GCR species at energigs,. ~

J €3, GeVZ/(m? s sr)
107

10°
T

3Z x 10'® eV [11], so that at energy ~ 10'7 eV 1000 0T T e o o
the GCR spectrum is expected to be dominated by & Cev
the contribution from the iron nuclei.

In Fig.2 we present an all-particle spectrum which Figure 2: All-particle GCR intensity as a func
includes two components: (i) CRs produced in tjon of total particle energy. The dashed a
SNRs and (i) extragalactic CRs, protons plus 10% dash-dotted lines represent the Galactic com
Helium, presumably produced in Active Galactic nent, which is the all-particle spectrum from Fig.
Nuclei [14]. The second component has been cho- gnd the extragalactic component respectively. |

sen to have a power-law source spectrimo perimental data obtained in the ATIC-2, JACE
¢~>7 above an energy ~ 10'° eV up to energies  KASCADE, Akeno - AGASA [15], HiRes [16]
in excess 0l0? eV. and Yakutsk [17] experiments are shown as wel

Compared with the source spectrufqi(e) the

component/(e), observed in the Galaxy, is modi- )

fied by two factors. At energies> 10'% eV the tic source population except SNRs, as calcula
shape of/(¢) is influenced by the energy losses of 2P0ve. However, if the extragalactic sources p
CRs in intergalactic space as a result of their inter- duce in reality a much harder spectrum o e
action with the cosmic microwave background that (e so-called "ankle-model) then their contr
leads to the formation of a “dip” structure at~ bu}lgon becomes dominant only at energies>
1019 eV and to a GZK-cutoff for > 3 x 101° eV 10*? eV. Therefore, to fit the observed GCR spe
[14] ' trum an additional Galactic source population is

A 1018 eV th (e is d ined quired whose contribution is essential in the ene
te < 107 eV the spectruny(e) is determine rangel0'” < e < 109 eV. It could possibly result

py the character of CR propagation_in intergalac- from CR reacceleration processes [7], for examy
tic space, followed by adiabatic cooling [14]. CRS i e jnteraction regions of the Galactic Wind il

penetrating into the Galaxy from outside are in ad- duced by the spiral structure in the Galactic Di
dition subject to modulation by the Galactic wind. [18]

We describe this effect by the modulation factor hatth i0s for th
f = exp(—em/€), Wheree,, = 1017 eV [18]. We note that these two scenarios for the extraga

. tic component predict a very different CR chen
Cf. [14], presenting data of the AGASA, Yakutsk cal composition above abo8tx 10'7 eV. Since

E\nd If-|iRes dfitictors(i)nsl;ig.zd\ivezshift the_enlergies within the range3Z x 10%° < ¢ < Z x 10'7 eV
hya re:ctoro = ?j'g():'R.fI and L. resp(ra]ctlvehy, Sﬁ reacceleration produces a power law tail of t
that the measure uxes agree with each other.cp ‘spectrum originally produced in SNRs, it

According to Fig.2 the calculated GCR spectrum clear that the observed CR spectrum is expec
is in reasonable agreement with the existing data. to be dominated by the iron contribution at en:
It leads us to the following conclusion: if the ob-  gies10'7 < ¢ < 102 eV. It is very much different

served CR spectrum at energies> 10'® eV from what is expected within the dip-model.

LS mdlee?_ domlnatedtgy the ccnlrt(rjltf%tilon fr(()jmlnex]: In order to illustrate the CR chemical compositic
ragalactic sources [the so-called "dip-model” o expected in the latter case, we present in Fig.3

[14]], then we do not need any other Galac- mean logarithm of the GCR atomic number. At e
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